The purpose of this study was to characterize the protective effect of tetrahydrobiopterin ( BH4L one of the cofactors of nitric oxide (NO) synthase, against NO-induced endothelial cell injury. The addition of S-nitroso-N-acetyl-D,L-penicillamine (SNAP), a NO donor, to endothelial cells induced the release of lactate dehydrogenase (LDH), a marker for cell injury. The SNAP-induced endothelial cell injury was markedly reduced by pretreatment with sepiapterin, a precursor of BH4 synthesis. On the other hand, exogenous BH4 had little effect on the SNAP-induced endothelial cell injury. We recently found that NO-induced endothelial cell injury involves a part of H 2 0 2 production, since the injury was blocked by the treatment with catalase. Although BH4 released reactive oxygen species (ROS) in cell-free conditions, the increase in intracellular BH4 by pretreatment with sepiapterin strongly reduced H 2 0 2 -induced intracellular oxidative stress. These findings suggest that the increase in intracellular BH4 content but not extracellular BH 4 , strongly attenuates NO-induced endothelial cell injury by at least one of the mechanisms by which BH4 reduces H 2 0 2 -induced oxidative stress. Intracellular BH4 seems mainly to playa role as an antioxidant or as a ROS-scavenger.
Introduction
The inducible isoform of NO synthase, which is induced by lipopolysaccharide (LPS) and/or cytokines, continuously releases large amounts of NO in various cell types, including vascular endothelial cells (1) (2) (3) . Large amounts of NO § Author to whom correspondence should be addressed . *Parts of the work were presented at the 5th Meeting of Cytokine and Neopterin held on July 18, 1998 , in Nagoya, Japan
Pteridines/Vol. 10/ No. 1 induces cell injury in vascular endothelial cells (4) (5) (6) . Although the mechanisms of NO-induced cell injury are not clear, the cytotoxicity of NO is likely to involve the production of hydrogen peroxide (H 2 0 2 ) in the cells, since the toxic effect of NO is reduced by catalase (5, 6) . Recently, we showed that BH 4 , an essential cofactor for NO synthase, has a protective effect against H 2 0 2 -induced endothelial cell injury (7) . The protective effect of BH4 seems to involve ROS scavenging activity. Moreover, BH4 has a protective effect against NO donor-induced endo-thelial cell injury (6) . Increases in BH4 synthesis as well as inducible NO synthase have been shown to be induced by LPS and/ or cytokines in vascular endothelial cells (8) . Therefore, it is possible that increased BH4 content induced by LPS and/or cytokines has a role in preventing NO cytotoxicity. On the other hand, ROS have been shown to be released from BH4 by course of autoxidation (9) . The purpose of this study was to characterize the protective effect of BH4 against NO donor-induced endothelial cell injury.
Materials and Methods

Cell culture
Bovine aortic endothelial cells were obtained by sLraping the luminal surface with a razor blade, and cultured in monolayers as previously desGibed ( 10 ) . Cells at 4 to 8 passages were used for the experiments.
Cytotoxicity assay
Cell injury was estimated by determining LDH release as previously described (10) . Confluent endothelial cells in 24-well plates were washed three times with physiological saline solution (PSS, pH 7.4) containing 118.5 mM NaCI, 4.74 mM KCI, 2.5 mM CaCI 2 , 1.18 mM MgS0 4 , 1.18 mM KH z P0 4 , 2.5 mM NaHC0 3 , 11 mM glucose and 10 mM N -2-hydroxyethylpipera zine-N' -2-ethanesulfonic acid (HEPES) . The washed cells were then treated with various concentrations of SNAP at 37°C in 0.5 ml of PSS . LDH activity was determined in cell supernatants and cell fractions of endothelial cells solubilized in 2% Triton X-I00. The percentage of the total LDH activity (supernatant fraction plus cell fraction) released into the supernatant fraction was then calculated.
Measurement of intracellular oxidative stress
Intracellular oxidative stress was measured using 2' ,7 '-dichlorofluorescin, a hydroperoxide-sensitive dye, as previously described ( 11) . Confluent endothelial cells in 35-mm Petri dishes were washed three times with PSS. The cells were incubated with 1 /.lM 2',7 '-dichlorofluorescin diacetate in 2 ml of PSS for 10 min at room temperature . The fluorescence images of the cells were recorded with a confocal laserscanning microscope BioRad, MRC-500 (emission filter, 515 nm LP) using an argon iron laser (488 nm, for excitation). The maximum t1uorescence intensities were measured after the addition of 10 mM HzO z . Each value was averaged for all pixels within the cells and shown as a percentage of the maximum value.
Measurement of ROS in cell-free system
ROS were measured by using 2 ' ,7' -dichlorofluorescin ( 10 /.lM) in PSS as previously described ( 12) . The oxidation of dichlorofluorescin was performed by 100 /.lM H Z 0 2 in the presence of 20 /.lg/ml horseradish peroxidase and fluorescence intensities after 30 sec addition of HzO z were measured. Excitation and emission wavelengths for dichlorofluorescein were 502 and 523 nm, respectively.
Statistical analysis
Data are presented as means ± S.E .M. of n observations. The statistical significance of observed differences was determined by analysis of variance followed by Bonferroni's method. Differences between means were considered significant when P was less than 0.05 .
Results
SNAP-induced endothelial cell injury
We examined whether NO induces endothelial cell injury using SNAP, a NO donor (Fig. 1 ). Significant release of LDH was not observed in untreated cells during the experimental period (0-24 h). On the other hand, SNAP (2 mM) caused LDH release from endothelial cells that started 8 h after its addition.
Effects of sepiapterin and BH4 on SNAP-induced endothelial cell injury
Pretreatment with sepiapterin, a precursor of BH4 synthesis, concentration-dependently reduced SNAP-induced LDH release from endothelial cells ( Fig. 2A) . The protective effect by the pretreatment with sepiapterin was blocked by copretreatment with NAS, which is an inhibitor of sepiapterin reductase ( Fig. 2A) . On the other hand, exogenous BH4 had little effect on SNAPinduced endothelial cell injury (Fig. 2B ).
Effects of sepiapterin on H 2 0 2 -induced oxidation of dichlorofluorescin in endothelial cells
Next we examined the effect of pretreatment with sepiapterin on HzOz-induced oxidation of 2',7' -dichlorofluorescin, a hydroperoxide-sensitive probe, to its fluorescent product (Fig. 3 ). Addition of H 2 0 2 (l00 /-LM) to endothelial cells preloaded with 2',7' -dichlorofluorescin markedly increased fluorescent intensity, depending on incubation periods. The increase in fluorescent intensity was markedly reduced by pretreatment with sepiapterin.
Effects of BH4 on H 2 0 2 -induced oxidation of dichlorofluorescin in cell-free conditions
To determine whether BJ-L directly scavenges H 2 0 2 , we examined the effect of BH4 on H 2 0 2 -induced oxidation of 2 ' ,7'-dichlorofluorescin in cell-free conditions ( Fig. 4) . The addition of H 2 0 2 markedly increased oxidation of 2' ,7'-dicWorofluorescin, and the oxidation was inhibited by catalase (100 D/ml). On the other hand, the H 2 0 2 -induced oxidation of 2' ,7 ' -dichlorofluorescin was increased by BH 4 . Moreover, BH4 alone also induced oxidation of 2',7' -dichlorofluorescin and the BH4-induced oxidation of 2 ',7'-dichlorofluorescin was inhibited by SOD (50 UI ml) plus catalase (100 U I ml).
Discussion
Addition of SNAP to endothelial cells induced cell injury. We previously observed that SNAPinduced endothelial cell injury was strongly attenuated by treatment with carboxy-PTIO, a scavenger of NO (6) . Therefore, SNAP-induced endothelial cell injury is likely to be mediated by NO released from SNAP.
Although the mechanisms of NO-induced cell injury remain unclear, we previously disputed that accumulation of H 2 0 2 seems to be implicated in SNAP-induced endothelial cell injury for the following three reasons; (i) the toxicity of NO is reduced by the treatment with catalase (5,6), (ii) glutathione (GSH) peroxidase, which is part of the intracellular H 2 0 z -scavenging system, is inactivated by NO (13, 14) , (iii) intracellular GSH which is a substrate of GSH peroxidase, may be decreased by the reaction of GSH with NO to form S-nitroso-glutathione (15) .
Pretreatment with sepiapterin, a precursor of BH4 synthesis, strongly attenuated SNAP-induced endothelial cell injury. The protective effect of sepiapterin was prevented by co-pretreatment with NAS, a sepiapterin reductase inhibitor. These findings strongly suggest that increase in BH4 content prevents SNAP-induced endothelial cell injury. We recently reported that increase in BH4 content has a protective effect against H 2 0 2 -induced endothelial cell injury (7, 16) . Pterins, including BH 4 , have been revealed to have scavenging activity of ROS and antioxidative activity (17) . In the present study, increase in intracellular BH4 content reduced intracellular oxidative stress induced by the addition of H Z 0 2 • On tlle other hand, BH4 has been shown to generate superoxide JI1 the course of BH4 autoxidation (9) . We also observed that BH4 released ROS in cell-free condition. These results strongly suggest that although extracellular BH4 releases oxygen radical in cell-free conditions, intracellular BH4 seems mainly to playa role as an antioxidant and/or a ROS-scavenger and has a protective effect against SNAP-induced cytotoxicity.
Inducible NO synthase, which is induced by LPS and/ or inflammatory cytokines, produces large amounts of NO and causes hypotension and circulatory failure in septic shock (18) (19) (20) . BH4 synthesis is also induced by LPS and/or cytokines in many types of cells, including endothelial cells (8) . Although induction of BH4 synthesis IS believed to be required for NO production by inducible NO synthase (21) (22) (23) (24) , the role of BH4 is not fully understood. In this report, we showed Pteridines/ VoL lO/ No. I that intracellular BH4 protects endothelial cells against NO-induced cytotoxicity. It is possible that increase in BH4 content plays a role 1I1 protecting endothelial cells against injury induced by large amounts of NO produced by inducible NO synthase.
In conclusion, our findings indicate that NO released from SNAP induces endothelial cell injury and that the SNAP-induced endothelial cell injury may be mediated by the endogenous production of H 2 0 2 • Moreover, increase in intracellular BH 4 , but not extracellular BH 4 , strongly reduces NO -induced endothelial cell injury. Intracellular B~ seems mainly to play a role as an antioxidant or as a ROS-scavenger.
